Familiarity is conveyed by social cues and determines behaviors toward conspecifics. Here, we characterize a novel assay for social behaviors in mice-contacts with anesthetized conspecificwhich eliminates reciprocal interactions, including intermale aggression and shows behaviors that are independent of the demonstrator's activity. During the initial 10 minutes (phase-1), the wild-type (WT) subjects contacted the anesthetized conspecifics vigorously regardless of familiarity. During the subsequent 80 minutes (phase-2), however, they contacted more with familiar than unfamiliar conspecifics. We then applied this test to highly aggressive mice with a hippocampal CA3-restricted knockout (KO) of brain-derived neurotrophic factor (BDNF), in which aggression may mask other social behaviors. The KO mice showed less preference for contacting familiar conspecifics than did WT mice during phase-2 but no differences during phase-1.
| INTRODUCTION
When conspecifics encounter each other, the social cues that inform about familiarity are likely to trigger adaptive behaviors, which are crucial for the animals' survival. To investigate brain circuits that process social cues, a behavioral paradigm is necessary that is sensitive enough to compare social interactions between familiar and unfamiliar conspecifics without disruption by competing behaviors. Several tests have been established in rodents for measuring distinct social traits, including sociability, 1 social memory, 2 social transmission of food preference, 3 aggression, 4 dominance 5 and empathy-like behaviors. [6] [7] [8] [9] Because in these tests, the subjects encounter active conspecifics, the behaviors are the function of reciprocal interactions, during which the subject and demonstrator influence one another. This bi-directionality increases the variability of behavioral readout, possibly masks certain behavioral traits and makes it more difficult to attribute the observed phenotype to a single animal. As an extreme case, the high intermale aggression in rodents overshadows other forms of social interactions, especially among unfamiliar males.
To ameliorate such limitations, we characterize the interaction with an anesthetized conspecific as an assay that eliminates both the reciprocal interactions and intermale aggression. The anesthetized demonstrator remains a source of strong social signals, which have been found to elicit defensive responses including ultrasound vocalizations in rats. 10, 11 In this study, we examine mice with the CA3-restricted knockout (KO) of BDNF, which exhibit elevated aggression and dominance toward cage mates but normal cognition and social memory. 12 As predicted, in the new test, mice did not show aggression toward unfamiliar conspecific and other forms of behaviors triggered by reciprocal activities, like following and escaping, which allowed comparisons between responses to social cues from familiar vs unfamiliar conspecific. To this end, we find a distinct social trait-sustained contact with the familiar, but not unfamiliar anesthetized conspecific-that was compromised in the BDNF KO mice, despite their normal sociability, when assayed in the three-chamber test. 1 2 | METHODS
| Animals
Mice with the CA3-restricted KO of BDNF were generated by combining two mutant mouse lines, the floxed BDNF line 13 and the transgenic bacterial artificial chromosome KA1 Cre recombinase driver line 14 as previously described. 12 Before interline crossings, these lines were backcrossed to C57BL/6 background animals a minimum of 6 generations. 12 Behavioral experiments were conducted during the light phase of the light-dark cycle under the illumination of 200 lx except for the interaction with anesthetized conspecific. The days of weekly cage changes were avoided. Most experiments were conducted on male pairs, except the interaction with anesthetized conspecific, in which the body contacts were also analyzed in female pairs.
| Interaction with anesthetized conspecific
The experiments were performed using the home cages that housed subject mice for no less than 2 days after cage change. A cage mate mouse of either sex or a noncage-mate age-matched 129SvEv male mouse (demonstrator) was anesthetized with intramuscular injection of ketamine/xylazine/acepromazine (100/20/3 mg/kg) and placed at the center of the cage. When a 129 mouse served as a demonstrator, the cage mate was removed prior to introducing the demonstrator.
The behavior of the subject was recorded digitally at 5 to 8 frames per second (fps) using the StreamPix5 software (Quebec, Canada) in a dark room under infrared LED illumination. The sessions started at the beginning of the dark cycle (7 PM) and lasted for 90 minutes. Beginning and end of each epoch of body contact (defined in the results) between subject and demonstrators were determined offline by experimenters blind to the animal genotype using a custom-made behavior annotation module for the StreamPix5 software, which allows annotations for predefined behaviors at the resolution of a single video frame. In addition, the duration of eating, drinking, hanging from the wire lid, nesting, digging bedding, self-grooming, not moving and the counts of rearing were determined using the same method.
To quantify locomotion inside the home cages, the trajectories of animal movements were tracked manually using a custom-made tracking module for StreamPix5 software and a pen tablet connected to a PC. Huddling was scored as all or none phenomenon until the 60th minute after the animal recovered from anesthesia, which occurred after 90 to 120 minutes of immobility. Animals were considered huddling if they exhibited a close physical contact while resting or sleeping. 15 
| The sociability test
The sociability test was performed as described. Then, a demonstrator mouse was introduced into one of the cups selected randomly, and the doors were opened. The subject was allowed to explore the compartments for 10 minutes. Cage mates and age-matched 129SvEv mice were used as familiar and unfamiliar demonstrators, respectively, and were acclimated within 1 to 2 days before the test by being placed inside the wire cup for 30 minutes.
The beginning and end of the behavior epochs when subjects were attending toward the cups or were physically touching them were annotated the same way as the interaction with anesthetized conspecifics.
| Olfaction test
The olfactory habituation/dishabituation test was performed as by persons unaware of the subject genotype. The beginning and the end of the subject sniffing the boat were recorded. The subjects that buried the boat by digging around it were excluded from the analysis.
| Hot plate test
One hour before testing, mice were habituated to the apparatus (Analgesia meter, Coulbourn Instruments) for 3 minutes with the heater off. For measuring pain sensitivity, mice were placed on the hot plate heated to 55 C and removed from the plate immediately after they began to lick their rear paws or no later than 30 seconds after being placed on the plate. The latency to lick rear paws was recorded.
| Formalin test
The test was performed as described 17, 18 and licking times in the formalin test. Two-way repeated measure ANOVA was used in the olfactory habituation/dishabituation test with odor and genotype as the factors. The correlation between contacting and eating was tested using the Pearson correlation coefficient.
Effects were considered significant at P < 0.05.
| RESULTS

| Effect of BDNF CA3 KO on contacting a familiar and unfamiliar demonstrator
The KO and WT mice were presented with an anesthetized demonstrator, either a sibling cage mate (familiar) or a stranger on the 129SvEv background (unfamiliar) ( Figure 1A ). The demonstrator was placed at the center of the cage, and a cotton nest was in the corner.
Subjects did not exhibit aggression, neither did they huddle; however, in the case of familiar demonstrators, they started huddling once the anesthesia wore off and the demonstrator moved to the cotton nest, typically, after 90 minutes of immobility. The lack of huddling with anesthetized partner indicates that animals distinguish between the naturally sleeping and anesthetized mice. We first analyzed physical contacts toward the anesthetized demonstrator. The "contacts"
included sniffing head and genitals, allogrooming, head-to-head contact, touching any body part, sticking a nose under the body, and digging into the wood chip bedding underneath.
Initially, a total of four independent groups of the KO and WT mice presented with either familiar or unfamiliar demonstrators were examined ( Figure 1 ). In all groups, intense contacts were observed during the first 10 minutes followed by the less intense but steady contacts during the remaining 80 minutes ( Figure 1B ). For the intense contacts during the first 10 minutes, there was no significant genotype*familiarity interaction or no significant main effect of either familiarity or genotype. During the subsequent 80 minutes, there was a significant genotype*familiarity interaction (F (1,60) = 4.59, P = 0.036) alongside a significant main effects of both familiarity (F (1,60) = 28.6, P < 0.001) and genotype (F (1,60) = 4.58, P = 0.038). In the time bin analysis along the 90 minutes observation period, WT mice exhibited a significantly longer duration of contacts with familiar mice during seven out of nine 10-minute time bins, whereas KO mice showed a significant difference only in one bin ( Figure 1B ). There were no differences between genotypes in contacting unfamiliar mice. For the entire 90 minutes, WT mice spent significantly more total time contacting familiar stimuli (t (31) = 5.38, P < 0.001), whereas KO mice only showed a tendency to do so (t (29) = 2.2, P > 0.05) ( Figure 1C ).
Together, these data suggest that when compared with the WT controls, the KO mice have a reduced preference for contacting familiar over unfamiliar anesthetized mice in the home cage. However, because the subject mouse and his anesthetized partner were always of the same genotype, there remained a possibility that the genotype of anesthetized mouse affected the assay. To examine that, we repeated the experiment on a separate cohort of the WT subjects using familiar anesthetized conspecifics, whose genotype was either WT or KO. The contacting patterns in both conditions were the same as in the initial group of the WT-WT pairs, and there were no significant effects of the anesthetized partner genotype on contacting time during the initial 10 minutes or subsequent 80 minutes of the test ( Figure 1D ).
Given the previously described changes in social behaviors in BDNF KO mice, elevated aggression and dominance, are expressed in males only, we compared the WT-WT vs KO-KO pairs of females in the interaction with familiar anesthetized conspecific. There were no significant differences between genotypes in the contacting patterns ( Figure 1E ), indicating gender-dependence of the phenotype. 
(KO)). (E) The time course plot for the contacts of females in the WT-WT (blue) and KO-KO pairs (red) (n = 16 (WT-WT), 14 (KO-KO)). Unpaired two-tailed t test in B,
Bonferroni post hoc analyses in C: *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent SEM unfamiliar demonstrator in the WT group (t (31) = 2.48, P < 0.05) (Figure 2A-C) . There were no significant effects on the duration of Digging, Grooming, Rearing and Not Moving ( Figure 2D lower row panels) but in the presence of unfamiliar demonstrator, there were opposing tendencies in WT and KO mice toward more and less Digging, respectively, and a tendency toward more Not Moving in both genotypes.
By contrast, for Eating, there was a significant genotype*familiarity interaction (F (1,60) = 4.2, P = 0.044). The Bonferroni post hoc analyses showed that the WT mice spent significantly less time eating in the presence of familiar than unfamiliar demonstrator (t (31) = 2.97, P < 0.01), whereas the KO mice did not (t (29) = 0.003, P > 0.05). However, there was no significant negative correlation between Eating and contacting demonstrator (r = −0.043, P = 0.73), which indicated that these two behaviors did not compete. For
Hanging, there was no significant interaction between the two factors but a significant main effect of familiarity (F (1,60) = 14.2, P < 0.001). Post hoc analyses showed that the KO mice spent significantly more time hanging in the presence of unfamiliar demonstrator (t (29) = 3.7, P < 0.001), whereas the differences in WT mice were not significant (t (31) = 1.6, P > 0.05). For Nesting, there was a significant main effect of genotype (F (1,60) = 6.3, P = 0.015) but no genotype*familiarity interaction. Together, these data indicate that the genotype of subjects and the familiarity of anesthetized demonstrator influence several nonsocial behaviors without altering the overall activity of the subject.
| Normal sociability of BDNF CA3 KO mice
Sociability, or a propensity to spend time with another awake animal, 1 was examined as a trait that could relate to the decreased contacting of KO mice with the anesthetized demonstrator. Thus, the threechamber sociability task 1 was conducted on two groups per each genotype using either a familiar (cage mates) or unfamiliar (agematched 129SvEv background male mice) awake demonstrator in the cup. With either type of demonstrator, the subjects spent more time near the cup containing a demonstrator vs an empty cup (unfamiliar: 
| Olfaction of social and nonsocial odors in KO mice is normal
Olfaction is the major sensory modality that drives social behaviors in rodents. 19 Because the conditional BDNF KO male mice have normal social recognition, 12 it is less likely that an impaired recognition of familiarity prevented these KO mice from changing their contacting and eating activities. Nevertheless, we tested for a potential olfactory deficit in KO mice using the olfactory habituation/dishabituation test 20 
| Blunted pain sensitization in BDNF KO mice
We next examined whether BDNF KO mice had an abnormal response to pain because several studies suggest that the central pain systems contributes to the processing of and responding to social cues. Thus, social interaction with siblings in mice decreases pain threshold 15 and increases the occupancy of dynorphin-binding sites throughout the brain. 21 Conversely, the KO of the mu-opioid receptor gene causes deficiency in the attachment behaviors in mice 22 and pharmacological block of opioid receptors abolishes rewarding effects of social interaction in several species. 23, 24 There was no differences in the responses to acute pain, tested using the hot-plate assay (P = 0.45) ( Figure 5A ). The responses to persistent pain were, therefore, examined using the formalin test. Upon formalin injection, WT mice exhibited typical biphasic nociceptive response 18 ( Figure 5B), with intense paw licking during the first 5 minutes after formalin injection (phase 1), followed by a decline and then by the second phase with the licking peak at 15 to 25 minutes after the injection. The KO mice exhibited same levels of licking as WT mice during the first 5 minutes but significantly less licking during the 15 to 25 minutes time interval (phase 2) (P < 0.01, t test), which suggests that KO mice have normal response to acute pain but are impaired in sensitization to the persistent pain.
| DISCUSSION
Here, we report a novel social trait in mice-the preference toward making repeated social contacts with a familiar over unfamiliar anesthetized conspecific in the home cage environment. Then, we find this trait compromised in mice with the CA3-restricted KO of BDNF.
Despite the contacting anesthetized conspecific is not a naturalistic behavior that mice exhibit in the wild, there are two advantages of using an anesthetized demonstrator for investigating social behaviors.
First, the subject activity is not affected by the behavior of the demonstrator. In contrast, with an awake demonstrator, social contacts are initiated and terminated not only by subject but also by a This problem is partially solved by restricting movement of the demonstrator to a wire cup, 1 which makes it possible to isolate active social touches made by the subjects but does not entirely exclude influences from the demonstrator. Second, the anesthetized demonstrator is less likely to induce aggression, which requires a chain of reciprocal activities 12 and potentially masks other social behaviors.
Conversely, the limitation of the test is the omission of social behaviors driven by reciprocal interactions.
In this study, all subjects did not express aggression but actively So how do familiar social cues cause sustained and relatively high contacting activity? Novelty seeking, sexual drive or aggression against a competing animal does not explain the contacts. One explanation could be the drive to affiliate with a familiar conspecific, 25 but that appears to contradict the natural preference of mice for social novelty. 1 An alternative but intriguing idea is that the irregular state of the anesthetized familiar conspecific is the cause. The anesthetized cage mate generates social cues recognized as familiar by the subject but does not express predicted behaviors, even upon social contacts.
The conflict between predicted and observed behaviors could trigger the elevated contacting activity and possibly suppress feeding. Ethologically relevant situations could be the encounters with a sick, injured or distressed conspecific. The stronger response to the lack of expected behaviors from a familiar vs an unfamiliar animal may indicate a higher sensitivity to the state of the partner than of a stranger and be, therefore, categorized as one of the empathy-like traits, for some of which the familiarity is the major determinant. 6, 26 What then compromises the preference to contacting familiar demonstrators in BDNF KO mice? It could not be explained by changes in sociability, which was found to be normal. Neither could it be explained by a failure to recognize a cage mate because these mice have normal social recognition 12 areas. [27] [28] [29] [30] [31] Importantly, ACC has been implicated not only in pain sensitization and determining the affective state of self but in perceiving the state of others. 26, 32, 33 We hypothesize that ACC is affected in mice with the hippocampal CA3-restricted BDNF KO, based on the findings that hippocampal damage during late postnatal development causes abnormalities in the prefrontal cortex in rodents. 34, 35 These findings suggest that the activity of the hippocampal inputs to the prefrontal cortex is required for its normal development. The hippocampal deletion of BDNF gene is likely to alter the hippocampal activity and thereby compromise the normal development of the prefrontal areas including ACC.
Studies of another neurotrophin-NGF-showed increases in blood NGF concentration following aggressive encounters in mice 36 and, in the pairs of fighting mice, the higher levels of blood NGF correlated with the subordinate profile. 37 Given the elevated aggression and dominance in BDNF KO mice, 12 the two neurotrophins appear to influence social behaviors in a similar manner-by promoting subordinate traits.
Elevated aggression in rodents often coincides with other behavioral abnormalities. For example, rats and mice reared in isolation are more aggressive 38, 39 and have cognitive deficits and neophobia. 40 In this study, an unanswered question is whether the elevated aggression in BDNF KO mice is linked to the decreased contacts with the familiar anesthetized conspecific. We were unable to tease these two phenotypes apart by testing nonaggressive BDNF KO females, which showed no deficit in contacting anesthetized familiar conspecific. One plausible idea is that the two phenotypes result from a single deficiency-blunted sensitivity to the social cues that inform about the state of partner. Such social deficit would explain the reduced contacting time with a familiar anesthetized demonstrator and the inability to reduce aggression against a cage mate in the submission posture. 12 To determine whether elevated aggression and decreased social contact are naturally comorbid, other mutant mice with high aggression or autistic traits are required to be tested in the interaction with anesthetized conspecific task.
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